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Neurogenesisn a large range of developmental processes, and has been functionally implicated
in body plan segmentation in two of the three diverse segmented taxa, the vertebrates and arthropods. Here
we investigate expression of Notch, Delta, and hes gene homologues during larval and juvenile development
in the polychaete annelid Capitella sp. I., a member of the third group of segmented animals. During larval
stages, CapI-Notch, CapI-Delta, CapI-hes2, and CapI-hes3 transcripts are initially detected in broad ectodermal
domains in future segments as well as in the brain and foregut; later, CapI-Notch, CapI-Delta, and CapI-hes2
transcripts are detected in the presumptive chaetal sacs. In contrast, CapI-hes1 has a segmentally reiterated
pattern in a restricted region of the mesoderm in each presumptive segment. CapI-Notch, CapI-Delta, CapI-
hes2, and CapI-hes3 and CapI-hes1 are all expressed in the terminal growth zone that generates post-
metamorphic segments, however, CapI-hes1 has a non-overlapping complementary expression pattern to
that of CapI-Notch and CapI-Delta. CapI-Delta and CapI-Notch transcripts are localized to already formed
segments, with posterior boundaries that correlate with the posterior boundary of the nascent segment,
while CapI-hes1 lies posterior to CapI-Notch and CapI-Delta. The localization of CapI-Notch, CapI-Delta, and
CapI-hes transcripts correlate with areas of rapid cell proliferation in Capitella, which include the brain,
foregut, and terminal growth zone.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe question of whether all segmented animals share a common
segmented ancestor andwhether extant, segmented animals generate
their body segments utilizing a common genetic program is an issue of
ongoing debate (reviewed in Patel, 2003; Peel and Akam, 2003;
Seaver, 2003; De Robertis, 1997). Segmented animals are found in
three distinct phyla, which are not closely related according to most
current analyses (de Rosa et al., 1999; Aguinaldo et al., 1997).
Furthermore, segmented taxa are interspersed with many more
unsegmented phyla, raising the question of whether segmentation
has arisen independently multiple times in the Bilateria (Davis and
Patel, 1999). However, segments are comprised of a number of discrete
structures developmentally derived from both ectoderm and meso-
derm, and it has been argued that the complexity of the segmental
unit makes it unlikely to have arisen multiple times (Scholtz, 2002).
In one of the major segmented phyla, the chordates, the process of
segmentation has been best characterized in vertebrates. Vertebratessen.de (K. Thamm),
pezielle Zoologie, Abteilung
n, Stephanstraße 24, 35390
l rights reserved.segments or somites are transient mesodermal structures that form
sequentially along the anterior–posterior axis with a regular spatial
and temporal periodicity (reviewed in Andrade et al., 2005; Aulehla
and Herrmann, 2004; Dale and Pourquie, 2000; Pourquie, 2004).
Theoretical models with support from molecular data indicate that
vertebrate somitogenesis is regulated by a segmentation ‘clock’, a
molecular mechanism that generates periodic and dynamic expres-
sion of genes in the presomitic mesoderm (reviewed in Pourquie,
2004). Genes that are regulated by the segmentation clock exhibit
oscillating patterns that cycle with a period equivalent to the time it
takes to form one somite. The Notch signaling pathway is a central
component of the vertebrate segmentation clock (reviewed in Rida et
al., 2004). Several genes in this pathway, including Notch, Delta and
hairy homologues, have been demonstrated to be functionally
required for somite formation in multiple vertebrate species (Bessho
et al., 2001; Conlon et al., 1995; Holley et al., 2000; Jen et al., 1997;
Jiang et al., 2000; Jouve et al., 2000; Palmeirim et al., 1997). In addition,
some Delta and hairy homologues exhibit oscillating gene expression
patterns within the presomitic mesoderm, and Notch genes are
required for proper expression of these oscillating genes (Holley et al.,
2000, 2002; Jouve et al., 2000; Oates and Ho, 2002).
Within arthropods, segmentation has been best characterized in
the Drosophila embryowhere ectodermal segments are formed by the
subdivision of the embryo into sequentially smaller units along the
anterior–posterior axis by the hierarchical action of a group of
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1988; Nusslein-Volhard and Wieschaus, 1980). Drosophila segment
formation occurs in the syncitial blastula where all segments form
almost simultaneously, and in contrast to vertebrate somitogenesis,
does not utilize the Notch signaling pathway. Most arthropods gene-
rate segments progressively from a posterior growth zone in a cellular
environment. Studies of other insects and non-insect arthropods have
greatly increased our understanding of how members of the Droso-
phila segmentation cascade (gap, pair-rule and segment polarity
genes) are utilized across species in arthropod segmentation
(reviewed in Damen, 2004; Davis and Patel, 2002; Peel et al., 2005).
Although developmental expression of pair-rule and gap genes differs
among myriapods (Hughes and Kaufman 2002; Kettle et al., 2003),
chelicerates (Damen et al., 2000; Damen, 2002; Damen et al., 2005),
crustaceans (Patel et al., 1989; Scholtz et al., 1993) and insects (Choe et
al., 2006; Davis et al., 2001; Liu and Kaufman 2005; Miyawaki et al.,
2004; Sommer and Tautz, 1993), the same genes tend to be utilized in
segment formation throughout arthropods, suggesting that the
ancestral arthropod was segmented (Copf et al., 2004; Peel 2004).
Although segmentation appears to have been regulated by distinct
genetic mechanisms in vertebrates and arthropods, recent evidence
from the spider Cupiennius salei supports commonalities between
these two groups (Stollewerk et al., 2003). In C. salei, Notch and two
Delta orthologues show segmental expression in the posterior growth
zone prior to segment formation. In addition, Delta and hairy exhibit
dynamic striped expression in the ectodermal growth zone before
and during segmentation (Damen et al., 2000; Jiang et al., 2000;
Stollewerk et al., 2003). RNA interference experiments of each of these
genes result in similar defects in segment formation. RNAi knockdown
of C. salei Presenillin and Suppressor of Hairless homologues, compo-
nents of the Notch signaling pathway, result in severe segmentation
phenotypes (Schoppmeier and Damen, 2005). Furthermore, RNAi
knockdown of Notch results in abnormal expression of the pair-rule
gene hairy in the growth zone (Stollewerk et al., 2003), demonstrating
that hairy expression is controlled by Notch signaling, as is the case in
vertebrates (Holley et al., 2000, 2002; Jouve et al., 2000; Oates and Ho,
2002). Likewise, a Delta orthologue from the myriapod Lithobius
forﬁcatus is expressed in the posterior growth zone and in stripes in
the posterior compartments of formed segments (Kadner and
Stollewerk, 2004). These results are consistent with an involvement
of Notch signaling during segment formation at the base of the
arthropod lineage. Furthermore, these results suggest the presence of
a shared genetic network between arthropods and vertebrates that is
utilized during segment formation (Damen, 2007).
Expression of several gene orthologues from the Drosophila seg-
mentation cascade has been examined during segment formation in
annelids, the third major segmented clade, including representatives
from the gap, pair-rule and segment polarity genes. These expression
studies include several polychaete species (de Rosa et al., 2005;
Prud'homme et al., 2003; Seaver et al., 2001; Seaver and Kaneshige,
2006; Werbrock et al., 2001) the oligochaetes Pristina leidyi and Tubifex
tubifex (Bely andWray 2001; Shimizu and Savage, 2002) and the leeches
Helobdella robusta and Helobdella triserealis (Kang et al., 2003; Song et
al., 2002, 2004; Wedeen et al., 1991). Many of the genes examined are
not expressed in the presumptive segmental tissue prior to the
appearance of segments, and cumulative evidence does not support a
common genetic network regulating segmentation between annelids
and arthropods, even though historically annelids and arthropods were
thought to share a common segmented ancestor (Scholtz, 2002). The
polychaete Platynereis dumerilii represents an exception; in this species
Wnt1 and en orthologues have an ‘arthropod-like’ expression pattern
(Prud'homme et al., 2003). In addition, an even-skipped homologue is
expressed in the posterior growth zoneof juveniles and regenerates ofP.
dumerilii (de Rosa et al., 2005), consistent with a possible role in adult
terminal addition, but not necessarily speciﬁcally involved in segment
formation. Investigations of the relationship between vertebratesomitogenesis and annelid segmentation have been more limited to
date, although in the embryo of the leechH. robusta, aNotch orthologue
has broad expression in the ectoderm and mesoderm of the pre-
sumptive segmental tissue (Rivera et al., 2005). The apparently
conﬂicting evidence among annelids from differences in expression of
orthologues from the Drosophila segmentation cascade has made it
difﬁcult to understand the evolution of segmentation within the Bila-
teria from the current available data.
To further investigate the relationship among vertebrate somitogen-
esis, arthropod segmentation, and annelid segmentation, we report the
isolation and characterization of Notch, Delta and three hes orthologues
in the polychaete annelid Capitella sp. I. We particularly focus on stages
immediately prior to the appearance of larval and adult segments and
characterize the relationships among expression patterns of these ﬁve
genes to determine whether their expression patterns are consistent
with functional Notch signaling. All the genes we characterized are
expressed in the presumptive segments, although with the exception of
CapI-hes1, we do not observe ‘striped’ expression patterns. Additionally,
we report expression domains for Notch signaling components in other
domains of Capitella sp. I larvae.
Material and methods
Capitella sp. I colony and larvae
A colony of Capitella sp. I was maintained in the lab following the culture methods
developed by Grassle and Grassle (1976). Embryos and larvae were obtained by
dissection of brood tubes, which were collected by sifting the colony as previously
described (Seaver et al., 2005).
Gene Isolation
Degenerate primers corresponding to conserved regions were designed to obtain
fragments of Delta, Notch and hes orthologs from Capitella sp. I. A Delta fragment was
isolated from a Capitella sp. I mixed stage embryonic and larval cDNA library in a semi-
nested PCR with the following primers: Delta2F2in, 5′-GAYGAYVHVTTYGGNCAYTWY
WSNTG-3′; Delta2R2in/out, 5′ CARYANARNCCNC CCCANCCYTC-3′; Delta2R1in, 5′-
GGYTTRTGRTKNGTRCARTARTTNARRTC-3′. A fragment of CapI-hes1 was also recovered
from the cDNA library in a semi-nested PCR with the following primers: HES-leech-fw,
5′-MGIGMIMGIATNAAYRANTSNYT-3′ (after Song et al., 2004); h-bw1, 5′-YTGIAGRT-
TYTGIAGRTGYTTNAC-3′; h-bw2, 5′-CATYTCIAGDATRTCNGCYTTYTC-3′ (after Damen et
al., 2000). cDNA generated using the BD SMART RACE cDNA ampliﬁcation kit (BD
BIOSCIENCES) was used as a PCR template to isolate an 89 bp fragment of CapI-Notchwith
the following primers in a semi-nested PCR: anknotchFout, 5′-GNMGNACNCCNYTN-
CAYGC-3′; anknotchF1in, 5′-TNGCNRTNGARGGNATGBTNGA RG-3′; CDC3.2, 5′-CARTG-
NARNGCNSMYTTNCC-3′. The CapI-hes1 sequence was used to search available genomic
sequences for Capitella sp. I in the GenBank database (NCBI). Capitella sp. I genomic
sequences utilized were generated by the Joint Genome Institute (Department of
Energy, Walnut Creek, CA) as part of an 8× coverage genome sequencing project of
Capitella sp. I. Four additional sequences were identiﬁed that all contain a bHLH
domain, an orange domain and a C-terminal groucho interaction motif (WRPW), which
we call CapI-hes2, CapI-hes3, CapI-hesr1, and CapI-hesr2. Gene speciﬁc primers were
designed to amplify fragments of CapI-hes2, CapI-hes3 and CapI-hesr2 frommixed stage
cDNA, which were then cloned into the pGEM T-easy vector (Promega), sequenced and
utilized as probes for in situ analyses.
The CapI-Delta and CapI-hes1 fragments were extended in both the 5′- and 3′
directions using gene speciﬁc primers and the cDNA library as a PCR template. The 3′
end of the predicted CapI-Notch ORF was extended with gene speciﬁc primers using a
PCR template generated with the SMART RACE kit (BD-Bioscience). All resulting PCR
products were cloned into the pGEM-T Easy vector (PROMEGA) and sequenced by either
Gene Gateway (San Francisco, CA) or Macrogen (Seoul, Korea).
Sequence alignments and gene orthology analyses
CapI-hes1, CapI-hes2, CapI-hes3, CapI-Delta, and CapI-Notch sequences were initially
analyzed by BLASTX in searches of the GenBank databases (NCBI). Alignments of the
Delta-DSL regions and of the CapI-hes1 conserved regions with other bHLH genes
were generated in MacVector 7.2.2 with CLUSTALW. All sequences used in alignments
and phylogenetic analyses were downloaded from GenBank. Phylogenetic analysis of
the CapI-hes and CapI-hesr genes was performed by ﬁrst producing an alignment of 43
bHLH and orange domains of various hes genes (hairy and Enhancer of split), her genes
(hairy and Enhancer of split related genes),Hesr (hairy and Enhancer of split related genes
and hey genes), Stra13-Stra13/DEC/SHARP genes and twist genes in MacVector 7.2.2
with CLUSTALW. Twist genes were used as bHLH-containing gene outgroups. PAUP
4.0b10 was used for both Neighbor Joining and Parsimony analysis. Support values for
the Neighbor Joining analysis were determined by performing 1000 bootstrap
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(MP) analysis (Swofford, 2002). Bayesian analysis was performed using
MrBayesV3.0mac (Huelsenbeck and Ronquist, 2001). A consensus tree was
calculated with 1,000,000 generations and 4 chains. A majority consensus tree
was generated from 9501 different trees, representing 950,000 stable generations.
Alignments are available upon request. The protein ID # in the JGI Capitella genome
browser (v1.0) for the predicted CapI-Notch ORF is 219186. Accession numbers are
the following: DmDelta—X06289, GmDelta—AJ536341, CsDelta1—AJ507289, CsDelta2
—AJ5072902, XlDelta1—L42229, GgDelta1—NM204973, MmDelta1—NM007865,
Dmhairy—AY119633, Tchairy—AJ457831, Cshairy—AJ252154, Mmhes1—NM008235,
Mmhes3—NM008237, Mmhes5—NM010419, Mmhes7—NM033041, Mmhey1—
AJ271867, MmStra13—AF010305, HsStra13—NM144998, Hshes4—NP066993,
RnSharp1—AF009329, Gghairy1b—AY225440, BfhairyA—AY349467, Dmdeadpan—
AY071330, Drher1—NM131078, Drher5—NM131077, Drher6—NM131079, Drher7—
NM131609, Drher9—NM131873, Drgridlock—AF237948, Xlhairy1—XLU36194,
Xlhairy2a—AF383159, Xlhairy2b—AF383160, XlHesr1a—BAB78540, ESR1—AF383157,
ESR2—AF383158, ESR5—AF137072, DmEsplm5—X16552, DmEsplm8—X16550,
Dmhesr1—AF151523, Nvtwist—AY465180, Xltwist—M27730, Dmtwist—X14569,
Hstwist—X91662, Hrotwist—AF410867, Hrohes—AY144625.
In situ hybridization
Whole mount in situ hybridization experiments were carried out with Capitella sp. I
larvae and juveniles as described previously (Seaver and Kaneshige, 2006). DIG-labeled
antisense RNA probes were synthesized using the T7/SP6 Megascript kit (Ambion Inc.,
Austin, Tx). Two probes for CapI-Delta were generated, and both yielded the same
expression patterns. The ﬁrst probe, which contains 280 bp of 5′-UTR and 779 bp of the
predicted ORF, includes a signal peptide, the DSL domain, and part of the ﬁrst EGF
repeat (1059 bp). The second probe was used for the data shown and includes part of
the 1st EGF repeat, the following 8 EGF repeats, the transmembrane domain, the
intracellular region and 107 bp of 3′ UTR (1716 bp). The CapI-hes1 probe (729 bp)
includes part of the bHLH domain, the Orange domain, C-terminalWRPW, and 108 bp of
3′UTR. The CapI-hes2 probe (890 bp) includes the bHLH domain, the Orange domain,
the C-terminal WRPW and the CapI-hes3 probe (593 bp) includes the loop and second
helix of the HLH domain, the Orange domain, and the C-terminal WRPW. Both were
used at a working concentration of 2 ng/μl. The two probes generated for CapI-Notch
have the same expression patterns, and the larger probe (2321 bp) was used for the data
shown. The ﬁrst probe of 525 bp includes part of the 4th ankyrin/CDC repeat, the
complete 5th, 6th and the putative 7th ankyrin repeat. The second probe (2325 bp),
which contains 1683 bp of predicted ORF and 642 bp of the 3′UTR, includes all of the
sequence of the ﬁrst probe, and an opa-repeat and the putative PEST-domain. Following
the development reaction for in situ hybridization, embryos/larvae and juveniles were
prepared for microscopic analysis with several washes in AP-STOP-buffer (20 mM Tris
pH5, 5 mM EDTA, 0.1% Tween20) and transferred to 80% Glycerol (SIGMA, St. Louis, MO)
in PBS containing 1 ng/ml Hoechst 33342 (SIGMA, St. Louis). Gene expression was
analyzedwith a Zeiss Axioscope 2plus and recorded digitally with a Nikon CoolPix 4500.
Results
Molecular characterization of CapI-Delta and CapI-Notch, CapI-hes1,
CapI-hes2, and CapI-hes3
We isolated a Delta orthologue from Capitella sp. I cDNA by
degenerate PCR. A 218 bp fragment was recovered with degenerate
primers corresponding to the conserved DSL (Delta-Serrate-lag2)
domain and the second EGF repeat. A larger fragment of 2744 bp was
recovered by 5′ and 3′cDNA RACE. The 2744 bp fragment, which we
call CapI-Delta, contains a single complete predicted ORF of 2352 bp
(784 a. a.) containing a number of molecular features characteristic for
Delta proteins (Fig. 1B), that together are unique for Delta genes and
conserved across taxa. These include a signal peptide, a highly
conserved DSL domain (Fig. 1C), 9 EGF repeats, a transmembrane
region, and an intracellular domain. The DSL domain, unique to Ser-
rate/Jagged (Fleming et al., 1990; Lindsell et al., 1996) and Delta
proteins, is required for binding to Notch (Henderson et al., 1997; Tax
et al., 1994), and is considered to be a modiﬁed EGF repeat (Henderson
et al., 1994; Tax et al., 1994). Nine EGF repeats were identiﬁed in the
CapI-Delta amino acid sequence, the same number present in Droso-
phila melanogaster Delta (Vassin et al., 1987), although the number of
EGF repeats in Delta genes can vary among species.
A Capitella sp. I Notch orthologue was isolated by degenerate PCR,
initially through recovery of a 89 bp fragment of Notch corresponding
to part of the 4th ankyrin repeat, a conserved domain in the
intracellular portion of Notch (Fig. 1D). Using RACE, we obtained2321 bp of this Notch gene (Fig. 1D), containing predicted ORF
(1683 bp, 561 a. a.) that includes the Notch intracellular domain
(NICD). NICDs typically contain a RAM23 domain, 6 ankyrin repeats, an
opa-repeat (often reduced or missing from some Notch proteins
(Wharton et al., 1985), and a putative PEST-domain (Fig. 1D). PEST
domains are believed to regulate Notch responses by allowing a rapid
turnover of the NICD, followed by down regulation of signaling
(Kurooka et al., 1998; Oberg et al., 2001). The ankryin/CDC repeats are
necessary for binding to the CSL repressor gene, transforming it into an
activator to initiate transcription of downstream targets, such as hes
genes (Fortini and Artavanis-Tsakonas, 1994; Roehl et al., 1996). The
Capitella sp. I Notch sequence contains domains characteristic of the
NICD, including part of the 4th ankyrin/CDC repeat, the complete 5th
and 6th ankyrin repeat, a putative 7th ankyrin repeat, an opa-repeat,
and a putative PEST-domain (Fig. 1D). The presence and relative order
of domains characteristic for Notch intracellular domains in the Capi-
tella sp. I sequence conﬁrm its identity as aNotch orthologue,whichwe
call CapI-Notch. Additionally, we searched the recently available Capi-
tella sp. I sequence databases, and identiﬁed additional portions of the
CapI-Notch ORF, including 21 extracellular EGF repeats, 2–3 LNR
repeats and additional ankyrin repeats (Protein ID 219186).
We identiﬁed three hes gene orthologues and two hey genes from
Capitella sp. I. A fragment (112 bp) of the ﬁrst Capitella sp. I hes gene
(CapI-hes1) was isolated from a Capitella sp. I cDNA library by
degenerate PCR. 5′ and 3′ RACE of this fragment yielded a composite
sequence of 872 bpwith a predicted complete ORF of 732 bp (244 a. a.)
(Fig. 1A). CapI-hes1 contains a conserved basic helix–loop-helix
(bHLH) domain, an Orange domain typical of bHLH-orange domain
containing (bHLH-O) genes (Davis and Turner, 2001), and a C-terminal
WRPW, a groucho interaction motif that results in transcriptional
repression by hairy (Fig. 1A) (Paroush et al., 1994; Fisher et al., 1996;
Jimenez et al., 1997). Using the CapI-hes1 sequence to search available
genomic sequences for Capitella sp. I (DOE, Joint Genome Institute),
we identiﬁed and cloned four additional bHLH-O orthologues (see
Materials and methods), all of which contain a bHLH domain, an
Orange domain, and a carboxy terminal tetrapeptide.
Phylogenetic analyses group CapI-hes1 in a clade containing the
hairy and hes gene subfamilies, but our analyses cannot unambigu-
ously identify CapI-hes1 within either the hairy or hes subfamilies
(Fig. 2). In contrast, two of the additional bHLH-O orthologues we
identiﬁed, CapI-hes2 and CapI-hes3, clearly group with invertebrate E
(spl) genes with a posterior probability value of 98% (Fig. 2). The other
two bHLH-O orthologues group together in a monophyletic clade that
contains the hesr/Hey gene subfamily, and we have named these genes
CapI-hesr1 and CapI-hesr2 (Fig. 2).
The bHLH-O proteins include four subfamilies, called hairy,
Enhancer of split (E(spl)), Hey/hesr, and Stra13 (reviewed in Davis
and Turner, 2001). In addition to the bHLH and Orange domains, all
subfamilies except Stra13 contain a conserved C-terminal tetrapeptide
(WRPW for hairy and (E(spl) and YXXW for Hey/hesr). CapI-hes1,
CapI-hes2 and CapI-hes3 all contain a C-terminal WRPW. CapI-hesr1
and CapI-hesr2 contain a C-terminal YRPW and HRPW respectively. In
addition, a proline residue at position 6 of the basic region within the
bHLH domain is conserved among hairy and E(spl) members, but is
not present in hesr/Hey and Stra13 subfamilies (Davis and Turner,
2001). CapI-hes1 and CapI-hes2 contain this conserved proline within
its bHLH domain (Fig. 1A). In this same position, CapI-hes3 contains an
H, which is atypical for hairy and E(spl) genes. We do not know of
other previously described hes genes with an H at this position. Both
CapI-hesr1 and CapI-hesr2 contain a glycine at position 6 of the basic
region, a conserved feature among hesr gene sequences (Fig. 1A).
Segment formation in Capitella sp. I
Capitella sp. I embryonic and larval development has been
previously described by Eisig (1899), and can be subdivided into
Fig. 1.Molecular characteristics of Notch signaling pathway components in Capitella sp. I. (A) Alignment of conserved domains of hes homologues from diverse species with the CapI-
hes and hesr genes. The Capitella sp. I hes and hesr genes contain conserved domains characteristic of bHLH-O genes, including the bHLH domain, the orange domain, and the
tetrapeptide. Asterisk marks position of conserved proline in hairy and E(spl) subfamilies. (B) Conserved regions of the CapI-Delta ORF. SP— Signal peptide; DSL — DSL region; TM —
transmembrane region. (C) Alignment of the conserved DSL region from CapI-Delta with DSL domains from other Delta genes. (D) Schematic of conserved regions for Notch genes.
The CapI-Notch fragment recovered by PCR and RACE is marked above the schematic and represents a portion of the intracellular region. LNR — LN repeats; 6 ankyrin — 6 ankyrin
repeats; 7— predicted 7th ankyrin repeat; opa— opa-repeat; PEST— Pest-domain. Dashes indicate identical amino acids, stars represent gaps introduced to optimize the alignment.
GenBank accession numbers: CapI-hes1 (DQ384620); CapI-hes2 (EU706455); CapI-hes3 (EU706456); CapI-hesr1 (Protein ID: 20434); CapI-hesr2 (EU706457); CapI-Delta
(DQ384619); CapI-Notch (DQ3846218). Gene abbreviations: CapI— Capitella sp. I; Espl—Enhancer of split genes; hes—hairy and Enhancer of split genes; her—hairy and Enhancer of
split related genes; Dm—Drosophila melanogaster; Tc—Tribolium castaneum; Cs—Cupiennius salei; Mm—Mus musculus; Dr—Danio rerio; Gg—Gallus gallus; Bf—Branchiostoma ﬂoridae;
Hro—Helobdella robusta; Xl—Xenopus laevis; Nv—Nematostella vectensis; Ce—Caenorhabditis elegans; Hs—Homo sapiens; Gm—Glomeris maginata.
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embryos (Seaver et al., 2005). Following an unequal spiral cleavage
program (St. 1–2) and embryonic gastrulation (St. 3), larval stages (St.
4–9) are initiatedwhen the prototroch and telotroch penetrate the egg
membrane (St. 4). The basic body plan of Capitella sp. I is apparent at
early larval stages (St. 4–5), followed by morphogenesis during later
larval stages (St. 6–9). A central event during larval development in
Capitella sp. I is the segmentation process, which begins with the
accumulation of nuclei in the ventro-lateral ectoderm on each side of
the larva at early St. 4 (Figs. 3A1, A2) (Seaver et al., 2005). These
regions, termed “bauchplatten” or “belly plates” by Eisig (1899),expand dorsally and posteriorly as the larva develops, and contribute
to the presumptive larval segments. The ﬁrst four to ﬁve segments
appear in a very narrow time frame at St. 5 and are morphologically
visible as furrows on the ventral face of the belly plates (Figs. 3B1, B2).
Over time, anterior (older) segments converge towards the ventral
midline where they meet and eventually fuse (arrowheads Figs. 3B1,
C1). As the belly plates continue to expand, subsequent segments form
successively from the posterior region (Figs. 3C1, C2). The three most
posterior larval segments are generated from a terminal growth zone
(horizontal arrows Fig. 3C1), and by the end of larval life there are
thirteen segments (Figs. 3D1, 2). Capitella sp. I larvae lose their
Fig. 2. Identiﬁcation of hes orthologues from Capitella sp. I. Bayesian majority consensus tree produced from comparison of bHLH regions, Orange domains andWRPW-tetrapeptides
from 43 taxa. The consensus tree was generated from 9501 trees, representing 950,000 stable generations. Capitella sp. I sequences are depicted in bold. Twist genes are included as
out group sequences. Numbers in bold above branches indicate posterior probability values for the Bayesian tree topology; numbers in italics below branches indicate bootstrap
values for Neighbor Joining analysis (left) and in regular font indicate support values for Parsimony analysis (right). Hairy—hairy genes, hes— Enhancer of split genes; hey—Enhancer of
split related genes and Hey genes, Stra13—Stra13/DEC/SHARP gene family, Twist— twist genes; ‘- -’ represent values below 50. See Materials and methods for abbreviations of taxa.
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benthos as juveniles. During early juvenile stages, additional segments
are generated from the terminal growth zone at a rate of approxi-
mately one segment every three days. If orthologues of Notch, Delta,
and hes genes are involved in segmentation of Capitella sp. I, we
would expect to see expression in the belly plates prior and during
segment formation in the larva, and in the posterior growth zone in
juveniles.
CapI-Delta larval expression
During larval development, CapI-Delta is broadly expressed in
the segmental tissue as segments form and does not show aniterated pattern prior to segment formation. Prior to segment
formation, the CapI-Delta transcript is detected at early St. 4 in a
small area of the presumptive segmental tissue (Figs. 4A1, A2).
Expression quickly expands along the anterior–posterior axis as
discrete spots during St. 4 (Fig. 4B) and becomes broader in area at
St. 5 (Fig. 4C1). CapI-Delta expression is present in both the
segmented and the unsegmented portion of the lateral ectoderm
(St. 5) (Fig. 4C2). The broad expression in the segmented tissue
observed during St. 4 and St. 5 (Fig. 4E) gradually becomes localized
towards the posterior of the larva by late St. 6 (Figs. 4H1, H2). In late
stage larvae, CapI-Delta is restricted to the posterior-most larval
segments in the ectoderm and mesoderm, spanning approximately
two segments (Fig. 4J).
Fig. 3. Segment formation in Capitella sp. I larva. (A1, 2) Prior to the appearance of larval
segments in Capitella sp. I, there is a lateral accumulation of nuclei on each side of the
body (A2), which expands over time (arrows in panel A1). (B1, 2) Segments appear in an
anterior to posterior direction (horizontal arrows). In addition, there is circumferential
expansion of each segment towards the dorsal side of the larva (curved arrows) and the
ventral midline (arrowheads). (C1, 2) New segments are added from a posterior growth
zone at late larval stages (horizontal arrows). (D1, 2) In Capitella sp. I, 13 larval segments
form. Additional segments are added exclusively from the posterior growth zone during
juvenile and adult stages. At the ventral midline, the medial edges of the forming
segments contribute to the ventral nerve cord. (A1–D1) Schematic of the segmentation
process in Capitella sp. I larvae. A2–D2 larvae were stained with Hoechst 33342. A1–C2
ventro-lateral views; D1, 2 ventral views. p—prototroch; t—telotroch; m—mouth; gz—
growth zone; s1—ﬁrst segment; s13—thirteenth segment; vnc—ventral nerve cord.
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expression becomes more pronounced in two rows of small
segmentally iterated patches of cells in the position of the chaetal
sac primordia (Fig. 4F). In Capitella sp. I, there are two bilateral rows of
chaetae, the noto- (dorsal) and neuro- (ventral) podial chaetae,
ectodermal structures which appear at early St. 7 (Schweigkoﬂer et al.,
1998) (Fig. 4I). The ventral row of CapI-Delta expression in the chaetal
sac primordial appears prior to the dorsal row (compare Figs. 4FandG).
Expression in both rows becomes more pronounced at older stages as
the broad lateral ectoderm expression diminishes (Fig. 4G), and is
clearly visible as discrete spots by late St. 6 (Figs. 4H1, H2). CapI-Delta
expression in the chaetal sac primordia ceases immediately prior to
the appearance of chaetae. Expression of CapI-Delta is also observed in
the foregut, in a small anterior, sub-epidermal domain at the midline
in the head, and in a lateral domain linking brain expression with
expression posterior to the mouth, likely the circumesophageal nerve
(Figs. 4D, E, arrows).
CapI-Notch larval expression
In larvae, CapI-Notch has a similar spatial and temporal expression
pattern to that of CapI-Delta, although CapI-Notch is more broadly
expressed. CapI-Notch is initially detected in a small number of cells in
the segmental tissue prior to the appearance of segments (St. 4) (Figs.
5A1, A2). Expression rapidly increases to ﬁll the area of the “bellyplates” at early St. 5 (Figs. 5B1, B2), although it is absent from the dorsal
posterior portion (compare Figs. 5B1, B2). CapI-Notch expression is
detected in both unsegmented and segmented parts of the lateral
ectoderm, and spreads dorsally over time (Fig. 5D), following the
dorsal expansion of the presumptive segmental tissue. Expression in a
fewsmall patches internal to the broad ectodermal expressionwas also
observed. In addition to its dorsal expansion, CapI-Notch expression
shows an anterior to posterior progression that is especially apparent
on the ventral face of the larva. During late St. 5 (not shown) and St. 6,
there is more prominent expression in the anterior segments, and it
extends closer to the ventral midline relative to posterior segments
(Fig. 5E). By late St. 6, CapI-Notch transcription becomes more
pronounced in posterior segments (Figs. 5F1, F2). Additionally, in the
ﬁve posterior-most segments, expression extends medially, with
narrow gap in expression at the ventral midline (Fig. 5F1). By this
stage, the segmented tissue on both sides of the larva has already met
at the ventral midline; thus, CapI-Notch expression does not extend to
the medial edge of the segments. At late larval stages (St. 7–9), CapI-
Notch expression is diminished in anterior segmental tissue and is
most prominent in both the ectoderm and mesoderm of the growth
zone and posterior segments (Figs. 5G, H). CapI-Notch is expressed in a
broader area along the anterior–posterior axis relative to CapI-Delta in
this posterior region, and typically spans two to three segments.
CapI-Notch is also expressed in two rows corresponding to the
presumptive chaetal sacs at St. 6 (Fig. 5F2). These expression domains
positionally coincide with those of CapI-Delta in the presumptive
chaetal sacs, appear after the segments form, and also disappear prior
to the appearance of chaetae. However, CapI-Notch expression in
presumptive chaetal sacs is larger in area than that of CapI-Delta, and
appears at a slightly later stage. CapI-Notch expression is also detected
in the developing foregut (Fig. 5E), and in the brain (Fig. 5C).
CapI-hes2 and CapI-hes3 larval expression
Like CapI-Delta and CapI-Notch, CapI-hes2 and CapI-hes3 are
broadly expressed in several distinct larval tissues. Because CapI-
hes2 and CapI-hes3 have largely overlapping expression patterns, we
describe them together, noting differences in expression domains
where relevant. In early stage larvae (St. 4), CapI-hes3 transcripts are
detected in the presumptive brain, foregut and segmental tissue (Fig.
7A). CapI-hes2 is expressed in these same domains, but is not visible
until St. 5, prior to segment formation, when the number of cells in the
belly plates has signiﬁcantly increased (Fig. 6A). Expression of both
CapI-hes2 and CapI-hes3 in the segmental tissue appears prior to
segment formation, initially as two longitudinal ventro-lateral bands
extending from the axial level of the mouth posterior to approxi-
mately 2/3 the length of the mid-body (Figs. 6A and 7A1, A2). As the
presumptive segmental tissue expands in area, additional cells in this
region express CapI-hes2 and CapI-hes3 transcripts (Figs. 6B, 7B).
Expression of CapI-hes2 and CapI-hes3 expands circumferentially,
following the circumferential expansion of the segmental tissue (Figs.
6B, C1, C2 and 7B, C1). CapI-hes2 and CapI-hes3 are expressed in both
the segmented and the unsegmented portion of the “belly plates”, and
appear as uniform expression domains extending from the mouth to
the telotroch by late St. 5 (Figs. 6C1, C2 and 7C1). Expression in the
forming segments includes both the ectoderm and the mesoderm
(Figs. 6C1, E2 and 7D, F2), although by St. 7, the mesoderm expression
is more prominent for both genes (Figs. 6E2 and 7F2). The broad
expression domain in the segmented tissue gradually becomes more
pronounced in the posterior, a region that includes newly formed
segments and the growth zone (Figs. 6D, E1, E2 and 7E, F2). By St. 9,
expression is restricted to the ectoderm and mesoderm of the
posterior growth zone (Figs. 6F and 7G).
CapI-hes2 is expressed in both the dorsal and ventral row of chaetal
sac primordia (Fig. 6B, and inset), apparent as discrete patches of more
intense staining within a broader expression domain. Expression in
Fig. 4. In larvae, CapI-Delta is broadly expressed in the developing segments and presumptive chaetal sacs. (A1, 2) CapI-Delta expression is initiated before segments appear (arrows)
at early St. 4 in the presumptive segmental tissue (A2). (B) Additional expression appears during St. 4 in the presumptive segmental tissue (bracketed arrows). (C1, 2) CapI-Delta
expression expands during St. 5 (bracketed arrows) and is present in both segmented and unsegmented regions of the belly plates (C2). (D) CapI-Delta is expressed sub-epidermally
in the head at the midline between the cerebral ganglia (arrow). (E) In St. 5, CapI-Delta is uniformly expressed in the developing segments from anterior to posterior (bracketed
arrows) (ventral view). Small arrows indicate foregut expression (fg) and long arrow points to expression between the brain and peristomial region. (F) Prior to chaetae formation,
CapI-Delta is expressed in two rows of segmentally-repeated spots, a dorsal (dr) and ventral (vr) row. (G) The dorsal row is more apparent at St. 6 (dr, black arrow). A higher
concentration of posterior ventral expression is visible from a lateral view (white arrowheads). (H1) In late St. 6, the two rows of expression (dr, vr) becomemore deﬁned as individual
spots centered within each segment (small arrows). Arrowheads show posterior expression. (H2) The expression is now more prominent in the posterior of the larva (arrowheads)
(compare with panel E). Spots of expression (small arrows) of the lateral ventral row of presumptive chaetal sacs (arrows) are visible. (I) The chaetae (open arrowheads) of Capitella
sp. I are arranged in two rows, a dorso-lateral row (dr) and ventro-lateral row (vr). (J) In later stages, expression is restricted anterior of the teletroch (arrow heads). Anterior is to the
left, dorsal up and ventral is down for all panels. A1, 2; B; C1, 2 are ventro-lateral views; F, G, H1 and I are lateral views; and D, E, H2, J are ventral views; A2, C2 were exposed to
Hoechst 33342; A1 and A2, C1 and 2, and H1 and 2 are the same animals. Expression in St. 4–late St. 6 is localized to the ectoderm.⁎marks the mouth; dr, dorsal row of presumptive
chaetal sacs (notopodia); fg, foregut; p, prototroch; t, teletroch; vr, ventral row of presumptive chaetal sacs (neuropodia).
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thus at St. 5, this expression is visible in the segments but not in the
posterior mid-body, where segments have not yet formed (Fig. 6B).
Expression of CapI-hes2 in the chaetal sac primordia becomes more
pronounced and is visible as discrete segmentally iterated spots by St.
6, when there are 10–11 larval segments (Fig. 6D). Detection of chaetal
sac expression CapI-hes2 ceases immediately prior to the formation of
chaetae. CapI-hes3 did not show consistent pronounced expression in
the presumptive chaetal sacs (Fig. 7B), although we occasionally
observed expression that was more intense than the underlying “belly
plate” expression.
CapI-hes2 and CapI-hes3 are also broadly expressed in the
developing larval brain and foregut (Figs. 6A–E2 and 7A1–F1), from
early larval stages through St. 7. CapI-hes2 and CapI-hes3 transcripts
are detected very early in the head neuroectoderm, and thematuration
of the brain expressionpattern for both genes reﬂects the development
of the brain (Dill et al., 2007). Neither transcript is detected in the brainof late stage larvae (Figs. 6F and 7G). CapI-hes2 and CapI-hes3 are also
expressed in the ventral nerve cord (Fig. 6E1). Both CapI-hes2 and
CapI-hes3 are initially expressed uniformly in the presumptive foregut.
By St. 6, some foregut cells have higher levels of CapI-hes3 expression,
giving a non-uniform appearance to this expression domain (Fig. 7F1).
By St. 7, when distinct regions of the foregut are apparent, CapI-hes2
and CapI-hes3 are detected in both the pharynx and esophagus (Figs.
6E1, E2 and 7E, F1). Expression also appears in the presumptive
hindgut at late St. 5 for CapI-hes2 and at St. 4 for CapI-hes3 (Fig. 6C1 for
CapI-hes2; not shown for CapI-hes3), persists through St. 7 for both
(Fig. 6E1), and is not detected in late larval stages.
CapI-hes1 larval expression
In contrast to the broad expression of CapI-Notch, CapI-Delta, CapI-
hes2, and CapI-hes3 in the presumptive and nascent larval segments,
CapI-hes1 is highly restricted. Furthermore, CapI-hes1 transcripts are
Fig. 5. CapI-Notch is broadly expressed during larval segment formation. (A1, 2) CapI-Notch is initially expressed in the presumptive segmental tissue prior to morphological
segmentation in St. 4 larvae (arrow). (B1, 2) Expression expands as the presumptive segmental tissue expands and is present in both unsegmented and segmented regions (bracketed
arrows). (C) CapI-Notch is expressed in the developing brain (br). (D) In St. 5–late St. 5, expression expands towards the dorsal side of the larva and has uniform broad expression from
the mouth to the telotroch (bracketed arrows). (E) At St. 6, expression in the segmental tissue is more pronounced in the anterior segments of the larva (bracketed arrows). Arrows
indicate expression in the developing foregut (fg). (F1) At late St. 6, expression is more pronounced in the posterior segments (bracketed arrows) and extends closer to the ventral
midline relative to the anterior region. In the posterior segments, CapI-Notch expression is apparent at the segmental boundaries. (F2) The uniform expression at St. 5 (D) matures
into a segmental pattern (short arrows) of two rows (dr, vr) in the position of the presumptive chaetal sacs. Bracketed arrows point to prominent expression in posterior segments. (G)
At St. 7, when the chaetae appear, CapI-Notch is no longer apparent in the chaetal sacs and generally decreases in the anterior segments. Bracketed arrows denote localized expression
in posterior segments. (H) At St. 8 and early 9, expression becomes restricted to the posterior growth zone (arrows). Anterior is to the left for all panels. Ventral is down for all lateral
and ventro-lateral views. A1, 2 and B1, 2 ventro-lateral view; D, F2, G lateral view; C, E, F1, H, ventral view; A2, B2 were exposed to Hoechst 33342; A1 and A2, B1 and B2, F1 and F2 are
the same animals.⁎marks the mouth; br, brain; dr, dorsal row of presumptive chaetal sacs (notopodia); fg, foregut; p, prototroch; t, teletroch; vr, ventral row of presumptive chaetal
sacs (neuropodia).
311K. Thamm, E.C. Seaver / Developmental Biology 320 (2008) 304–318not detected in multiple tissues. CapI-hes1 is detected prior to
morphological segmentation in the presumptive segmental tissue.
Initially, small cell clusters express CapI-hes1 in the anterio-most
presumptive segments (St. 4) (Figs. 8A1, A2). CapI-hes1 expression
quickly expands posteriorly, resulting in ventro-lateral expression that
spans the future segmented region of the larva (early St. 5) (Fig. 8B1).Fig. 6. Larval expression of CapI-hes2. (A) Initial larval expression (early St. 5) of CapI-hes2 inc
(B) By late St. 5, CapI-hes2 is broadly expressed throughout the nascent and presumptive segm
segments. At this stage, only 5–6 anterior segments have formed. Inset shows a close up o
expressed in the brain, foregut, hindgut (hg) and the segmental tissue (bracket). (C2) Same
CapI-hes2 throughout the nascent segments. At this stage, the medial edge of the expand
appearance of chaetae, CapI-hes2 is expressed in both the dorsal and ventral segmentally a
foregut and weakly throughout the segmental tissue. (E1) At St. 7, expression in anterior seg
expression (vnc). Brain, foregut and hindgut expression persists. (E2) Ventral view of same a
expression in the segmental ectoderm. (F) CapI-hes2 transcripts are restricted to the ectoderm
the left for all panels. Ventral is down for all lateral and ventro-lateral views. A ventro-lateral v
in lower right corner of each panel. Brackets mark the segmented (or presumptive segmented
sacs; ec, ectoderm; fg, foregut; hg, hindgut; mes, mesoderm; vml, ventral midline; vnc, venFrom early St. 5 to St. 6, there is an anterior to posterior maturation of
the CapI-hes1 expression pattern. Initially, CapI-hes1 is expressed in a
continuous domain spanning a number of presumptive segments.
This expression becomes reﬁned into segmental ‘bands’ oriented
along the dorsal/ventral axis, which appear prior to morphological
segmentation. At early St. 5, these bands of CapI-hes1 expression areludes the brain (br), foregut (fg) and presumptive segmental tissue (bracketed arrows).
ents, and in both the dorsal (dr) and ventral (vr) presumptive chaetal sacs of the nascent
f expression in the dorsal row of presumptive chaetal sacs. (C1) At St. 5, CapI-hes2 is
animal as in panel C1. Ventral surface focal plane showing uniform broad expression of
ing segments has not yet reached the ventral midline. (D) Immediately prior to the
rranged rows of presumptive chaetal sacs. Expression is also present in the brain and
ments is diminished relative to earlier stages, with the exception of ventral nerve cord
nimal as in panel E1 showing prominent segmental mesoderm expression and weaker
and mesoderm of the posterior growth zone (arrow) in late larval stages. Anterior is to
iew; B, D and E1 lateral view; C1,2, E2 and F ventral view. Developmental stage is located
) region of the body.⁎marks the mouth; br, brain; dr, dorsal row of presumptive chaetal
tral nerve cord; vr, ventral row of presumptive chaetal sacs.
Fig. 7. CapI-hes3 is broadly expressed during larval segment formation. (A1) CapI-hes3 is expressed prior to segment formation in the brain, foregut and in a small ventro-lateral
domain in the presumptive segmental tissue during early larval stages. (A2) Same animal as in A1. Hoechst 33342 is shown in blue and the reaction product marking the CapI-hes3
transcript is false-colored in red. Segments are not yet morphologically apparent. (B) Expression of CapI-hes3 immediately prior to the appearance of segments in the presumptive
segmental tissue, foregut and brain. (C1) Ventral view showing uniform expression of CapI-hes3 in nascent segments as they expand circumferentially towards the ventral midline.
(C2) CapI-hes3 is expressed in both hemispheres of the brain. Same embryo as in panel C1. (D) CapI-hes3 is broadly expressed throughout the segments (marked by brackets). (E) By
St. 7, expression in the anterior segments diminishes, and CapI-hes3 expression persists in the brain, foregut and in the posterior segments. (F1) Anterior end of a St. 7 larva showing
prominent foregut expression. The punctate appearance reﬂects stronger expression in individual cells relative to the surrounding foregut epithelia. (F2) Posterior end of larva
showing mesodermal expression in posterior segments and growth zone. Expression terminates at the telotroch, which represents a boundary between the segmented and
unsegmented body region. Same embryo as in panel F1, more dorsal focal plane. (G) The CapI-hes3 transcript is restricted to the ectoderm andmesoderm of the posterior growth zone
at the end of larval development (arrow). Anterior is to the left for all panels. Ventral is down for all lateral and ventro-lateral views. A1, 2 and B ventro-lateral view; D and E lateral
view; C1, C2, F1, 2 and G ventral views. Stage is in lower right corner of each panel. Brackets mark the segmented (or presumptive segmented) body region.⁎ marks the mouth; br,
brain; ec, ectoderm; fg, foregut; mes, mesoderm; vml, ventral midline.
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already apparent at the same anterior/posterior position on the
ventral–lateral side of the body (Fig. 8B2, arrows). The ventral edge of
the belly plates is already segmented but does not express CapI-hes1Fig. 8. CapI-hes1 larval expression is transient and restricted to the region of forming segme
segments (arrows). (B1) Expression expands quickly along the anterior–posterior axis (arro
with the foregut. (B2, 3) In anterior presumptive segments, expression has matured into
arrows). (C) High magniﬁcation showing mesodermal localization of the CapI-hes1 transcrip
(arrows). Slightly later stage relative to B. (E1, 2) CapI-hes1 expression (arrows) is intersperse
marking the CapI-hes1 transcript is false-colored in red. (F1, 2) By St. 6, expression in anter
bracketed arrows). (G) At late larval stages, CapI-hes1 expression is limited to the mesoderm
lateral and lateral views, ventral is down, dorsal up. A1, 2, B2, 3, C, E1, 2 ventro-lateral view; B
E1 and E2, F1 and F2 are the same animals.⁎ marks the mouth, ec, ectoderm; mes, mesode(Fig. 8B3). At slightly older stages (St. 5), expression in the pre-
sumptive posterior larval segments also becomes reﬁned into a
segmental banded pattern that preﬁgures morphological segmen-
tation (Fig. 8D). As the CapI-hes1 expression pattern continues tonts. (A1, 2) The CapI-hes1 transcript is ﬁrst visible in small patches in the presumptive
ws). Arrowhead marks an additional small expression domain of CapI-hes1 associated
segmental bands (arrows). Posterior expression is in a continuous domain (bracketed
t. (D) Segmental bands of expression are now apparent through most of the mid-body
d with unlabeled cells. Hoechst 33342 (nuclear stain) is in blue and the reaction product
ior segments is diminished (bracketed arrows) relative to posterior segments (asterisk
of the posterior growth zone (arrows). Anterior is to the left for all panels. For ventro-
1, G ventral view; A2, B3, E1, F2 were exposed to Hoechst 33342; A1 and A2, B1, 2 and 3,
rm; p, prototroch; t, telotroch.
313K. Thamm, E.C. Seaver / Developmental Biology 320 (2008) 304–318mature (St. 6), expression of CapI-hes1 is diminished in anterior
segments, and in contrast to earlier stages, CapI-hes1 transcription is
now more prominent in the posterior half of the larvae (Fig. 8F1), in
the unsegmented parts of the belly plates (Fig. 8F2). Each band of
CapI-hes1 expression is approximately three to four cells wide along
the anterior–posterior axis, with one to two unlabeled cells between
adjacent bands (Figs. 8E1, 2). Most CapI-hes1 expression is localized to
unsegmented portions of the belly plates. CapI-hes1 expression does
not expand circumferentially with the expansion of the segmental
tissue, and therefore is never detected across the entire width of any
single larval segment.
The bands of CapI-hes1 expression in the presumptive larval
segments during St. 4–6 are localized to the mesoderm. This is sup-
ported by the internal position of CapI-hes1 expression within the
forming segments (Fig. 8C). In addition, CapI-hes1 expression co-
localizes with a Capitella sp. I orthologue of twist in a deep layer of
the belly plates (Dill et al., 2007), and is positioned internal to both
CapI-en and CapI-Pax3/7 expression, genes whose transcripts are
expressed in the ectoderm of larval segments (Seaver and Kaneshige,
2006; E. Seaver, unpublished results). These lateral bands of CapI-
hes1-expressing cells represent only a portion of the body wall
mesoderm, and along the dorso-ventral axis, there are mesodermal
cells positioned both dorsal and ventral to the bands of CapI-hes1-
positive cells. In later larval stages (St. 6–9) when the morphological
distinction between the ectoderm and mesoderm is easily apparent,
expression of CapI-hes1 is restricted to mesodermal tissue in the
posterior growth zone (Fig. 8G). From early St. 5 to late St. 7, CapI-hes1
is also detected in a small expression domain lateral to the mouth
associated with the developing foregut (arrowhead Fig. 8B1). Because
we consistently observed variability among individuals in this expres-
sion domain (either one, two or no patches of expression), we inter-
pret this as either a dynamic pattern or transient expression in the
foregut.
Expression of CapI-Notch, CapI-Delta, CapI-hes1, CapI-hes2, and
CapI-hes3 in juveniles
Because Capitella sp. I generates most of its adult segments
following metamorphosis, we also examined expression of CapI-
Delta, CapI-Notch and CapI-hes genes in juvenile worms. All ﬁve
genes are predominantly expressed in the mesoderm of the posterior
growth zone, in distinct but overlapping expression patterns (Fig. 9).
In this context, we deﬁne the posterior growth zone as the posterior
part of the animal that includes the nascent segment and the sub-
terminal region immediately posterior to the nascent segment.
Expression domains were analyzed relative to the positions of the
posterior segments, the nascent segment, and the sub-terminal
region.
In the growth zone of juveniles, both CapI-Delta and CapI-Notch
are prominently expressed in the nascent segment and the adjacent
anterior segment (Figs. 9A1–E), but absent from the region of the
growth zone posterior to the nascent segment. CapI-Delta is
expressed on the ventral side of the growth zone both in the
mesoderm and ectoderm, however, expression in the ectoderm is
weak relative to the mesodermal expression (Fig. 9A1). In contrast,
CapI-Notch expression spans the dorsal–ventral axis of the growth
zone (Fig. 9E) and is expressed in both the ectoderm and mesoderm
(Fig. 9C). The posterior edge of expression of CapI-Notch and CapI-
Delta coincides with the posterior boundary of the nascent segment
(Figs. 9A1, A2, C). CapI-Notch is also expressed in the ganglia of the
ventral nerve cord, in the presumptive ganglion of the newly
forming segment (Figs. 9D, E), and in a small domain at the anterior
end of the head (not shown).
Of the genes we examined, CapI-hes2 and CapI-hes3 are the most
broadly expressed in the posterior growth zone and share a similar
expression pattern. Both genes are expressed in the posteriorsegments, the nascent segment, and the sub-terminal region (Figs.
9F1–J). CapI-hes2 and CapI-hes3 are expressed in both the ectoderm
and mesoderm of the growth zone (Figs. 9F1, H1, I), and expression
spans the dorsal–ventral axis of the growth zone for both genes (Figs.
9G, J). CapI-hes2 and CapI-hes3 are also both expressed in the CNS
(Figs. 9F2, G, H1), although in different patterns; CapI-hes3 is broadly
expressed in all ganglia of the ventral nerve cord and brain, whereas
CapI-hes2 is expressed in the ganglia of the 7–8 posterior-most
segments with gradually weaker expression in more anterior ganglia
(not shown).
CapI-hes1 is predominantly expressed posterior to the nascent
segment (Figs. 9K1, K2) and of the three hes genes, its expression is the
most restricted. The CapI-hes1 transcript is localized to the ventral
mesoderm in the sub-terminal region of the growth zone, and is not
detected in any other tissue of the body (Figs. 9K1–L). In summary,
CapI-Delta, CapI-Notch, CapI-hes2 and CapI-hes3 are expressed in the
mesoderm of the posterior growth zone in distinct but largely
overlapping expression patterns. In contrast, CapI-hes1 expression is
restricted to the pre-segmental region of the posterior growth zone.
The anterior edge of CapI-hes1 expression and the posterior boundary
of CapI-Delta and CapI-Notch expression correspond closely to the
posterior boundary of the nascent segment.
Discussion
Spatio-temporal relationships among CapI-Delta, CapI-Notch and
CapI-hes gene expression patterns
We have identiﬁed several components of the Notch signaling
pathway in Capitella sp. I, and characterized expression patterns of these
genes during larval development and in the posterior growth zone of
juveniles. If CapI-Delta, CapI-Notch, andCapI-hes genes function in a cell–
cell signaling network, we would expect CapI-Delta to be expressed in
cells adjacent to those expressing CapI-Notch andCapI-hes genes, and for
CapI-Notch and CapI-hes genes to be co-expressed in the same cells
(Fehon et al., 1990; Rebay et al., 1991; Heitzler and Simpson, 1993). CapI-
Delta, CapI-Notch, CapI-hes2, and CapI-hes3 have largely overlapping
patterns of expression during both larval and juvenile stages in Capitella
sp. I. In larvae, this includes expression in the foregut, brain, chaetal sacs,
and segmental tissue. In the developing larval segmental tissue, CapI-
Notch, CapI-hes2, and CapI-hes3 are all broadly and uniformly expressed,
whereas CapI-Delta transcripts are detected in randomly dispersed cell
clusters contained within larger domains of CapI-Notch, CapI-hes2, and
CapI-hes3 expression. Within the presumptive chaetal sacs, CapI-Delta
and CapI-hes2 are expressed within a larger area of CapI-Notch
expression. CapI-hes2 and CapI-hes3 have very similar expression
patterns throughout the developmental stages we examined, and
combined with the fact that their gene sequences are closely related,
CapI-hes2 and CapI-hes3may represent a recent gene duplication event.
At late larval stages and in juveniles, CapI-Delta, CapI-Notch, CapI-
hes2, and CapI-hes3 are expressed predominantly in the mesoderm (and
to a lesser extent in ectoderm) of the posterior growth zone of the
nascent segment and in the adjacent anterior segment (Fig. 10). The co-
localization of CapI-Delta, CapI-Notch, CapI-hes2, and CapI-hes3 across
developmental stages and tissues is consistent with the prediction that
these genes are generally acting together in a signaling network during
development in Capitella sp. I. It is notable that the expression of CapI-
hes2 and CapI-hes3 expression in the juvenile growth zone extends
posterior of CapI-Notch and CapI-Delta (Fig.10), indicating that CapI-hes2
and CapI-hes3 expression is activated by a Notch-independent mechan-
ism in this region.
CapI-hes1 expression
In contrast to CapI-Delta, CapI-Notch, CapI-hes2, and CapI-hes3,
CapI-hes1 has a highly restricted larval expression pattern conﬁned to
314 K. Thamm, E.C. Seaver / Developmental Biology 320 (2008) 304–318a portion of the segment primordia. CapI-hes1 transcripts are limited
to small bands of mesodermal cells in each body segment. This
expression is transient, detected prior to segment boundary forma-
tion, and is not detected in other larval tissues where CapI-Delta, CapI-
Notch, CapI-hes2, and CapI-hes3 are expressed. In the forming
segments, there is very little overlap between the broad CapI-Notch
and CapI-Delta ectodermal and the CapI-hes1mesodermal expression,
since expression is largely separated into distinct germ layers. A fewmesodermal cells do express CapI-Notch, but we could not unambigu-
ously conﬁrmwhether the limited CapI-Notchmesodermal expression
during early/middle larval stages is in the same cells as those that
express CapI-hes1.
In juveniles and late larval stages, CapI-hes1 expression is also
very restricted, limited to a small domain of mesoderm in the
posterior growth zone, posterior to the nascent segment. CapI-hes1
expression is localized posterior to CapI-Delta and CapI-Notch, and
Fig. 10. Schematic of gene expression in the posterior growth zone of juveniles. Filled
gray area indicates the nascent segment, n+1 and n+2 indicate the two adjacent
segments anterior to the nascent segment. Expression domains are indicated in black,
and gene names corresponding to the appropriate expression pattern is to the right of
each schematic. Ant, anterior; gz, growth zone; n, nascent segment; post, posterior.
315K. Thamm, E.C. Seaver / Developmental Biology 320 (2008) 304–318even extends posterior of CapI-hes2, and CapI-hes3 expression (Fig.
10). It is notable that from late larval to juvenile stages, the relative
positions of expression in the growth zone among these genes are
maintained, implying that the adult expression patterns are
established prior to metamorphosis. The fact that CapI-Notch and
CapI-hes1 have non-overlapping expression patterns in the posterior
growth zone suggests that CapI-hes1 is not a direct transcriptional
target of CapI-Notch and may function independent of Notch
activation. In D. melanogaster, hairy expression is controlled by
maternal gap genes and is Notch-independent, and in vertebrates,
hes genes are activated in a Notch-independent manner in a number
of developmental contexts (reviewed in Kageyama et al., 2007).
Alternatively, the Capitella sp. I genome may contain additional
Notch gene(s) whose activation controls CapI-hes1 expression. We
searched the available Capitella sp. I sequence databases, and
although we identiﬁed a predicted ORF with over forty predicted
Notch-like EGF repeats, this sequence did not contain any associated
intracellular ankyrin repeats, making it unlikely that this sequence
represents a functional Notch gene.
Is Notch signaling involved in segment formation during larval stages?
During larval segmentation in Capitella sp. I, the broad ectoder-
mal expression patterns of CapI-Delta, CapI-Notch, CapI-hes2, andFig. 9. CapI-Delta, CapI-Notch and CapI-hes1, CapI-hes2, CapI-hes3 are expressed in the grow
viewed by DIC optics (A1) and with Hoechst (A2). In A2, CapI-Delta expression is false-colored
in themesoderm of the nascent segment and the adjacent anterior segment, which are visible
ventral side of the growth zone (vertical arrow). Diagonal arrow points to weak expression
nascent segment and the adjacent anterior segment. Arrow points to CapI-Notch mesoderm
(diagonal arrows) and the nascent segment (vertical arrow). (E) CapI-Notch expression in t
expression in ventral ganglia. (F1, F2) Same specimen viewed with DIC optics (F1) and ﬂuor
mesoderm and ectoderm of the posterior growth zone (arrow). (F2) Posterior expression of
ganglia of anterior segments. The CapI-hes3 transcript is false-colored in red and overlainwit
of CapI-hes3 growth zone expression and expression in the ventral ganglia. (H1) CapI-hes2
(vertical arrow). (H2) Expression of CapI-hes2 in the growth zone includes the cells posterior
anterior (arrow). CapI-hes2 expression is false-colored in red and overlaid with Hoechst imag
(J) CapI-hes2 growth zone expression spans the dorsal–ventral axis. (K1, 2) CapI-hes1 expre
(arrow). Same juvenile viewed by DIC optics (K1) and with the nuclear stain Hoechst (K2). In
(nuclei in blue). (L) Arrow points to CapI-hes1 expression in the mesoderm on the ventral s
panels. Vertical dashed line marks the posterior boundary of the nascent segment in all pane
within segments. A1, A2, C, D, F1, F2, H1, H2, I, K1, K2 and L ventral views; B, E, G, J and L laCapI-hes3 do not obviously indicate a role in segment formation.
Although in the vertebrate presomitic mesoderm, Notch genes do
not have a striped pattern, many hairy/hes and Delta genes do, in
both the posterior growth zone and in transverse bands in a portion
of each segment (Bettenhausen et al., 1995; Bierkamp and Campos-
Ortega, 1993; Palmeirim et al., 1997; Reaume et al., 1992; Jen et al.,
1997). Likewise, in the spider Cupiennius, Notch expression is
ubiquitous in the growth zone, but Delta-1 and hairy are expressed
in stripes in the growth zone (Damen et al., 2000; Stollewerk et al.,
2003; Kadner and Stollewerk, 2004). We did not observe a ‘striped’
pattern that delineates presumptive segments or parasegment boun-
daries for any of the Capitella sp. I genes we examined. In another
annelid, the leech H. robusta, expression of a Notch orthologue
during leech embryogenesis is also widely expressed in the
ectoderm and mesoderm of forming segments, including the telo-
blasts, and does not show segmental ‘stripes’ of expression (Rivera et
al., 2005).
Of the Notch signaling components we examined, the highly
restricted larval expression pattern of CapI-hes1 within a portion of
each segment primordia in the mesoderm makes it the most likely
candidate to have a role in segmentation. Soon after the appearance of
segments, CapI-hes1 transcripts are no longer detected, suggesting that
CapI-hes1 does not have a role in sub-segmental patterning of segments
after they form. In contrast to expression of her/hes orthologues in
vertebrates, and hairy in arthropods, CapI-hes1 is limited to a small
domainwithin each segment that does not span its entiremedial–lateral
width (for review see Davis and Patel, 2003; Rida et al., 2004). It is quite
striking that CapI-hes1 is restricted to transient expression in a small
region of the presumptive segments (with the exception of weak
expression in a fewcells of the foregut), and thus, it is likely that itsmajor
function is in the context of this expression domain. Future studies are
needed to better understand if CapI-hes1 functions to regulate
segmentation, maintain a progenitor state, or some other unknown
function in Capitella sp. I larvae. Furthermore, examination of additional
components of the canonical Notch signaling pathway may reveal
whether this pathway is involved in the segmentation process of Capi-
tella sp. I. For example, orthologues of Supressor of hairless and Presenilin,
two important components of the canonical Notch signaling pathway,
are critical for normal segmentation of the spider C. salei along with
Notch, Delta and hairy (Schoppmeier and Damen, 2005).
Is Notch signaling involved in segment formation during adult stages?
Because segment formation occurs by different morphogenetic
mechanisms in Capitella sp. I larvae and adults, we also examined
CapI-Delta, CapI-Notch and CapI-hes1 expression during juvenile
segmentation. In juveniles, CapI-Delta, CapI-Notch, CapI-hes1, CapI-
hes2, and CapI-hes3 are all expressed in the posterior growth zone,
although none of them are expressed in repeated ‘stripes’ in newly
formed segments. We observe three distinct expression patternsth zone of juveniles. All images are posterior ends of juveniles. (A1, 2) Same specimen
in red and overlaid with Hoechst image (nuclei shown in blue). CapI-Delta is expressed
in panel A2 (arrow). (B) CapI-Delta is expressed predominantly in the mesoderm on the
in ventral ganglion. (C) CapI-Notch is expressed in the ectoderm and mesoderm in the
al expression. (D) CapI-Notch is expressed in the ventral ganglia of formed segments
he growth zone extends from dorsal to ventral (vertical arrow). Diagonal arrows mark
escence showing nuclear staining (Hoechst) (F2). (F1) Expression of CapI-hes3 is in the
CapI-hes3 includes the nascent segment and the adjacent formed segment, and ventral
h the Hoechst image (nuclei in blue). (G) Lateral view showing the dorsal–ventral extent
is expressed in the ventral ganglia (diagonal arrows) and the posterior growth zone
to the nascent segment, the nascent segment, and the adjacent formed segment to the
e (nuclei shown in blue). (I) CapI-hes2 is expressed in the mesoderm of the growth zone.
ssion is restricted to mesoderm in the growth zone posterior to the nascent segment
panel K2, CapI-hes1 expression is false-colored in red and overlaid with Hoechst image
ide of the body. Diagonal arrows mark the ventral ganglia. Anterior is to the left for all
ls. Arrowheads mark the position of chaetae, segmental structures centrally positioned
teral views with ventral down. Mes, mesoderm.
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particular interest is the relationship of gene expression boundaries
relative to the position of the nascent segment. The posterior
expression boundary of both CapI-Delta and CapI-Notch coincides
with the posterior edge of the nascent segment. In contrast, CapI-
hes1 is only detected in the unsegmented mesoderm, although its
anterior expression boundary coincides with the posterior bound-
ary of the nascent segment (Fig. 10). CapI-hes2 and CapI-hes3
expression represents a third expression pattern, straddling the
nascent segment and extending both anterior into the CapI-Delta
and CapI-Notch-expression domain and posterior into the unseg-
mented CapI-hes1-expressing domain. Therefore, in the posterior
growth zone of Capitella sp. I juveniles, CapI-Delta and CapI-Notch
expression patterns are complementary to that of CapI-hes1. The
striking coincidence of expression boundaries of a subset of the
genes we examined with the posterior boundary of the nascent
segment in the juvenile posterior growth zone hint at a possible
role in adult segment boundary formation or even maturation. In
our working model, CapI-hes1 functions in the pre-segmented
region of the growth zone to maintain an undifferentiated
progenitor state, being activated in either a Notch-independent
manner or downstream of an additional, undescribed Notch-like
gene. We also propose that boundary formation or possibly
maturation of the nascent segment is dependent upon the action
of CapI-Delta and CapI-Notch. In vertebrates, Notch has multiple
functions in segment formation, including boundary formation of
somites in chick, mouse and Xenopus (Jen et al., 1997; Sato et al.,
2002; Takahashi et al., 2007). Additionally, we consider the
possibility that the broad expression of CapI-Delta and CapI-Notch
in the juvenile growth zone may reﬂect a neurogenic function in
the presumptive ganglia that appear very soon after segment
boundaries form (see below). We propose that CapI-hes2 and CapI-
hes3 are downstream targets of CapI-Delta and CapI-Notch in the
nascent segment, although it is unknown how these two genes are
activated posterior of the nascent segment, where CapI-Delta and
CapI-Notch are absent.
Possible functions of CapI-Delta, CapI-Notch and CapI-hes genes in
Capitella sp. I
During larval development, CapI-Delta, CapI-Notch, CapI-hes2, and
CapI-hes3 are all expressed in four distinct expression domains: the
brain, foregut, chaetal sacs and segmental tissue. The co-localization
of these genes is indicative of a developmental role for Notch
signaling in these Capitella sp. I structures. Notch signaling has a
number of well characterized and highly conserved roles in
neurogenesis (Baker, 2000). We observe CapI-Delta, CapI-Notch,
CapI-hes2, and CapI-hes3 expression during brain development in
larvae, and also in the forming ganglia of the ventral nerve cord of
juveniles. Thus, it is likely that Notch signaling is involved in Capi-
tella sp. I neurogenesis. From their expression patterns, it is
premature to determine whether these genes inﬂuence neural
development through maintenance of a precursor stem cell popula-
tion or induction of cell fate as has been characterized in vertebrates
and Drosophila (reviewed in Davis and Turner, 2001; Bray, 1998).
Expression of CapI-Notch, CapI-Delta, and CapI-hes2 in the
presumptive chaetal sacs may represent an example of co-option
of Notch signaling in the development of a taxon-speciﬁc morpho-
logical structure. Chaetae are a characteristic structure of the phylum
Annelida and may represent a morphological innovation for this
taxon. Such examples of co-option may provide insight into the
molecular nature of morphological diversity and appearance of
evolutionary novelties. One characteristic of lateral inhibition is
reﬁnement of expression over time (Beatus and Lendahl, 1998). CapI-
Notch, CapI-Delta, and CapI-hes2 all show spatial reﬁnement of
expression in the presumptive chaetal sacs. Expression of Notchsignaling components in the developing chaetal sacs of Capitella sp. I
is particularly noteworthy because orthologues of Notch, Delta, and a
hes gene are also expressed in the chaetal sac anlagen of another
polychaete, P. dumerilii (K. Thamm and A. Dorresteijn, in prepara-
tion), and thus the involvement of Notch signaling in chaetal
development may be an ancestral feature for annelids.
In Capitella sp. I, the brain, foregut and segmental tissue all
contain actively dividing cells when these genes are expressed
(Seaver et al., 2005). Hes genes function to maintain progenitor cell
populations in vertebrates during neurogenesis and in the develop-
ment of the digestive system (e. g. Hatakeyama et al., 2004; Ohtsuka
et al., 1999; Jensen et al., 2000). The association of CapI-Delta, CapI-
Notch, CapI-hes2, and CapI-hes3 expression with several regions
containing dividing cells in Capitella sp. I larvae is consistent with a
possible role for these genes in the maintenance of a precursor state
and prevention of differentiation. CapI-hes1 expression also co-
localizes with dividing cells in a lateral growth zone in larvae
(Seaver et al., 2005). CapI-hes1 may function to maintain a
progenitor state of cells in this lateral growth zone, and as cells
move away from the growth zone and no longer express CapI-hes1,
they become competent to differentiate. Some Hes genes also
exhibit oscillatory expression (e. g. Hes1 and Hes7 in mouse)
(reviewed in Kageyama et al., 2007), and the variable expression
levels of CapI-hes3 among cells within the foregut and the
apparently dynamic expression of CapI-hes1 in the foregut is
suggestive of oscillatory expression.
In summary, our results provide evidence for coordinated gene
expression of some members of the Notch signaling pathway in Ca-
pitella sp. I, as well as evidence for Notch-independent activation.
Spatial localization of Notch signaling components during Capitella sp.
I development correlates with areas of high cell proliferation such as
in the brain, foregut and terminal growth zone.
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